18 Carbonyl sulfide (OCS) has recently emerged as a tracer for terrestrial carbon uptake.
employ established theoretical relationships to infer ecosystem-scale plant OCS uptake 23 from mixing ratio measurements. OCS fluxes showed a pronounced diurnal cycle, with 24 maximum uptake during mid-day. OCS uptake was found to scale with independent 25 measurements of CO 2 fluxes over a 60-m-tall old-growth forest in the Pacific 26
Northwestern U.S. (45°49′13.76′′ N; 121°57′06.88′′) at daily and monthly timescales 27 under mid-high light conditions across the growing season in 2015. OCS fluxes were 28 strongly influenced by the fraction of downwelling diffuse light. Finally, we examine the 29 effect of sequential heatwaves on fluxes of OCS, CO 2 and H 2 O. Our results bolster 30 previous evidence that ecosystem OCS uptake is strongly related to stomatal dynamics, 31
and measuring this gas improves constraints on estimating photosynthetic rates at the 32 ecosystem scale. 33 34
1
. Introduction 35
Carbonyl Sulfide (OCS) is the most abundant sulfur gas in the atmosphere, with a mean 36 atmospheric concentration of ~500 ppt (parts per trillion), and therefore a significant part 37 of the tropospheric and stratospheric sulfur cycles, with implications for the global 38 radiation budget and ozone depletion (Johnson et al.,1993; Notholt et al., 2003) . The 39 dominant sink of atmospheric OCS is vegetation (Kesselmeier and Merk, 1993 However, in early November an intake line at the top of the canopy was damaged after a 104 rainstorm. Measurements continued at the other intake heights (see sections 2.4 and 2.9). 105
Therefore, ecosystem fluxes and related analyses in this study cover 136 days between 106
April 18 and October 31, while chamber based soil fluxes are reported for the months of 107
August-December. Gaps in the time series due to analyzer maintenance correspond to Jun 108 26-28, July 6-17, August 4-7, August 24 and October 4-7. April-October roughly 109
corresponds to most of the growing season, although at this site GPP usually peaks early 110
in March-April, when soil moisture is high and ecosystem respiration flux is low, while 111 plant productivity is typically severely light and temperature limited in the months of 112
November-December (Wharton and Falk, 2016) . Environmental conditions during the 113 measurement campaign are shown in Figure 1 are represent a typical Mediterranean-type 114 climate, with temperature peaking in July and minimal to no measured rainfall between 115
June and September. This results in high summertime atmospheric vapor pressure deficit 116 (VPDa), and soil moisture declines steadily through the summer period, with some 117 recharge following rare precipitation events in September and then more commonly in 118
October. The measurement period also encompasses three distinct heat waves, 119 characterized by anomalously high air temperatures and mid-day VPDa values (often 120 exceeding 4 kPa). We examine the response of OCS and CO 2 fluxes during these heat 121
waves. 2.5. Calibration: Calibration was performed using ambient air stored in insulated tanks as 152 a secondary reference. Air was sampled into the analyzer daily, and tank pressure was 153 routinely monitored to check for leaks. Glass flasks were randomly sampled from 154 calibration tanks and measured against a NOAA GMD reference standard. Cross-155
referencing revealed that the accuracy of the measurement was within the reported 156 minimum uncertainty of the instrument (of 12.6 pmol mol -1 ; Berkelhammer et al., 2016). 157 158 2.6. Thermal Camera measurements: Leaf temperatures were measured from October 28, 159
2014 to January 28, 2016 using a FLIR A325sc thermal camera (FLIR System Inc., 160
Wilsonville, OR), in which a FLIR IR 30-mm lens (focal length: 30.38 mm; field of 161 view: 15°×11.25°) was installed. The thermal camera has a pixel resolution of 320 × 240. were made every 1 min, and then aggregated to hourly means. We limited our analyses of 177 diffuse radiation data to include only mid-day hours (between 11am-1pm) to minimize 178 the influence of solar angles on diffuse radiation fractions. We defined three distinct 179 periods based on the ratio of diffuse radiation to total incoming solar radiation (fidff). 180
Data were characterized as clear if fdiff < 0.2; partly cloudy if fdiff > 0.2 and fdiff < 0.8, 181
and overcast if fdiff > 0.8. we assume that OCS is irreversibly and rapidly consumed inside leaves, such that the 196 gradient between ambient air and the leaf interior effectively reduces to the ambient 197 measured OCS mixing ratio: 198 199
where ∆ OCS is defined as he gradient of OCS between ambient air and the leaf 201
intercellular spaces (χ is the mixing ratio of OCS and superscripts a and l refer to ambient 202 and leaf respectively). In our study, "#$ 4 is the measured mixing ratio at the canopy top 203 (60m) instead of above canopy (70m) to account for turbulent transport between the 204 canopy top and air that is above the canopy top. We use vapor pressure deficit (VPD) as 205 the corresponding gradient for H 2 O, under the key assumption that the intercellular leaf 206
surfaces are saturated with water vapor. While VPD is usually calculated using air 207 temperature, a more accurate calculation can be performed with leaf temperatures, which 208
can deviate significantly from air temperatures (Kim et al. 2016 ), leading to significant 209 differences between the VPD of ambient air and that at the leaf surface ( Fig. 2a 
where M c is the measured flow rate into the chamber (converted from Lmin -1 to mols -1 257
using the ideal gas law) and is the difference between mixing ratios of OCS or CO 2 in 258 ambient air and the chamber and A is the surface area of the chamber. The minimum flux 259 detectable with this method was 1.2 pmolm -2 s -1 uptake or production. 260
Care was taken to select sites characteristic of the surface, which was generally springy 261
and covered in a mat of mosses and lichen. Surface flux observations were made at site 1 262
from July 6 to 16, site 2 from August 13 to October 7, and site 3 from November 6 to 263
December 2, 2015. The first site was visually similar to the subsequent two sites at the 264 surface, though the chamber base of the first site was installed into the moss layer and a 265 barely decomposed fallen tree. When a soil sample was attempted to be extracted from 266
the footprint of the chamber base, several liters of intact wood litter were removed. The 267
influence of the developed soil on site 1 is therefore considered minimal. Site 2 was 268 selected nearby and observations were made until a dominant tree fell on the soil 269 chamber. The chamber was repaired and re-installed a month later at site 3 and 270 observations continued without incident until the chamber was removed in advance of the 271 soil freezing. 272
Results and Discussion: 273
3.1. Ecosystem fluxes: The composite diurnal cycles for CO 2 , water vapor and OCS and 274 fluxes are shown ( Fig. 2a-d) . The total ecosystem flux of OCS (F OCS ; Fig 2.d.) follows a 275 pronounced diurnal cycle that peaks during mid-day. The vertical profile of mixing ratios 276 measured throughout the canopy is also shown (Fig.2.b ). OCS mixing ratios are highest 277 at the canopy top and lowest near the forest floor, but mixing ratios increase from the 278 early morning to mid-afternoon. Together these processes are indicative of ecosystem 279 uptake and downward entrainment of boundary layer air (Rastogi et al., in press). The 280
shape of the F OCS curve is very similar to those of net and gross carbon fluxes (Fig 2.b-c) , 281
although F OCS was consistently negative during daylight hours. Leaf relative uptake, a 282 ratio of F OCS :GPP normalized by the mean mixing ratios of OCS:CO 2 , showed a strong 283 light dependence ( Fig. 2e ). High-light, mid-day values ranged between 3-4, which is 284
higher than those observed at other forest systems ( uptake is additionally light limited). PAR was higher than 100 µmol m -2 s -1 ) were correlated to independent estimates of GPP 314 (Fig. 3a) , and uptake of both OCS and CO 2 reduced as soil moisture declined. Variability 315 in the relationship between fluxes of OCS and CO 2 and soil moisture was related to VPD, 316
which fluctuated as a response of changing cloud cover (discussed later in sec. 3.4). Ecosystem uptake of OCS and CO 2 (as well as GPP) was highest in April (Fig. 4a ), and 323 declined as the soil drought progressed (Fig. 4f ). Mean monthly maximum OCS flux was 324 estimated as -61 ± 6 pmolm -2 s -1 , while daily mean maximum GPP over this period was 325 estimated as 10 ± 1µmolm -2 s -1 (plotted as a negative quantity in Fig. 4b to show 326 ecosystem uptake). While the steepest declines in F OCS , NEE and GPP happened between 327 the months of May and June, F OCS continued to decline through the rest of the summer, 328
with a minimum in August, and remaining low in September and October. CO 2 fluxes 329 flattened between June-September, before declining again in October. While uptake of 330 OCS and CO 2 followed similar patterns, H 2 O flux remained high until mid-summer (Fig.  331 4c) and decreased in August, presumably due to a combination of high VPD (Fig. 4d ) and 332 declining soil moisture (Fig. 4f) , as plants exercised greater control over stomata. This 333
can be clearly seen in the seasonal cycle of canopy conductance (Gc; Fig. 4e ). Mean 334
monthly Gc was highest in the months of April and May, and then declined in response to 335 increasing VPD and decreasing soil moisture, before increasing again slightly in 336
September and October following soil recharge and decreased VPD due to precipitation 337 events. In October, soil water recharge, several rain-free days (Fig. 1) , and lower VPD 338 pattern. For site 2, uptake immediately following chamber installation was higher (~6 352 pmol m -2 s -1 ) than fluxes later on (all <6 pmol m -2 s -1 ) when temperatures were lower ( Fig  353  5) . Site 3 did not have high uptake after chamber installation, and had consistent fluxes 354 between the detection limit and -6.2 pmol m -2 s -1 for the first few weeks. When ambient 355 air temperatures dropped below freezing, uptake remained unchanged, except for the 356 largest uptake observed (6 to 12 pmol m -2 s -1 ) during two events when average air 357 temperature fluctuated from a cooling to warming trend. Soil temperature never dropped 358 below freezing during the experiment and was generally colder over time. We did not 359 observe any OCS emissions from the chamber based measurements, consistent with 360 recent studies that find that cooler, moist ( relationship with CO 2 emissions. For sites 2 and 3, the ratio of OCS emission to CO 2 369 production, normalized by the concentration of OCS and CO 2 in the closed chamber, was 370 between -0.25 and -3.5 with a mean of -1. In contrast, the same ratio for site 1 varied 371 from -5 to -19 with a mean of -10. 372 373 374 Figure 5 . Surface F OCS and F CO2 from chamber measurements (brown squares in a-b) 375 from sites 2 and 3. Site 1 was atypical (see section 2.7) and therefore fluxes are not 376
shown. Values for site 1 F OCS and F CO2 were -22 ± 0.3 pmolm -2 s -1 and -83 ± 2 µmolm -2 s -1 377
respectively. Error bars indicate standard deviation. lowest under overcast skies, but was most different across the three periods, during clear 385 skies (Fig. 6a ). Consequently, OCS and CO 2 uptake was highest (most negative fluxes) 386
under overcast conditions during the early summer, and generally declined as fdiff 387 decreased across all time periods ( Fig. 6b-d ). Across the three periods, the rate of 388 decrease was much higher as fdiff changed from partially cloudy to clear. During the mid-389 late summer, however, (red diamonds in Fig. 6a-f during the later time periods. Leaf relative uptake (LRU; calculated according to eq. 5) 394
was lowest under partly clear skies and highest under overcast conditions. This is because 395 under highly diffuse conditions, carbon uptake is additionally limited by light, whereas 396 F OCS is not (Wehr et al., 2017; Maseyk et al., 2014) . The shape of the LRU curves can 397 additionally be explained by examining canopy conductance (Gc; Fig. 6f ), which was 398 also higher under overcast skies. LRU increased with Gc across all three periods ( Fig.  399  6g) , and appeared to be constant for Gc greater than ~400 mmolm -2 s -1 . reduces transpirational losses, and the lack of VPD-induced partial stomatal closure 405
reduces the resistance to CO 2 diffusion into the leaf. Correspondingly, the less directional 406 nature of diffuse solar radiation allows greater penetration into the canopy, thus 407
increasing photosynthesis across the entire canopy, even as a reduction in canopy top leaf 408 photosynthesis is observed due to a reduction in total radiation. In a multi-year analysis at 409
Wind River, Wharton et al., (2012) found that cloudy and partly cloudy sky conditions 410
during the peak-growing season lead to an increase in CO 2 uptake. During our study, Gc 411 was generally higher in the early growing season, but increased as sky conditions 412 changed from clear skies to overcast. This increase was similar across the three time 413
periods, even as the response of OCS and CO 2 fluxes was different across these periods.
414
This indicates that declining soil moisture (Fig. 3b-c ) potentially limits gas exchange as 415
the summer progresses, even as canopy conductance can be reasonably high under 416
overcast skies. It is important to note that in the absence of concurrent leaf and root water 417 potential measurements, it is not possible to attribute reduction in gas exchange due to 418 declining soil moisture. 419 completely overcast or cloudy conditions, whereas as low values indicated clear skies.
424
LRU increases with increasing fdiff during each period but the increase is most 425 pronounced in the early summer (e). Gc increases from clear to partly cloudy conditions 426 across the three periods and plateaus during overcast sky conditions (f). Vertical bars 427
indicate 1 standard error. Across the three periods, LRU increased with Gc, and levelled 428 off at Gc values greater than ~ 0.5 mol m -2 s -1 (g). 429
3.5. Response to heat waves: 2015 was the warmest year in large parts of the Pacific 430
Northwest since records began in the 1930s (Dalton et al., 2017) . We observed three 431 distinct heat waves during the 2015 summer. These were in early June (DOY 157-160), 432 end of June-early July (DOY 175-188) and late July-early August (DOY 210-213). The 433 three heat waves are shown as red, yellow and dark purple bars in Fig. 7 kPa during the first heat wave and increased to a mean daily maximum of 5.1 kPa during 439 the last event (Fig. 7b) . The canopy was a net source of CO 2 during all three events, while 440 mid-day means for NEE were usually negative (implying CO 2 sink) before and after the 441 heat wave periods (Fig. 7c ). During the first event, F OCS was similar to days immediately 442 (Fig. 7d) . The third event lead to a reduction in F OCS , even though the canopy had 443 received some rainfall in the preceding weeks ( Fig. 1c) . Overall, mean daytime OCS 444 uptake decreased from -27 [pmol m -2 s -1 ] in 'non-heatwave' days (daytime means 445
presented as blue bars in Fig. 7) to -16 [pmol m -2 s -1 ] during 'heatwave' days (daytime 446 means from data presented as red, yellow and purple bars in Fig. 7) . Water vapor fluxes 447 (Fig. 7e ) increased during the first heat wave, compared to days immediately prior. The 448
increased water vapor flux is likely form an increase in transpiration under high VPD l 449
(red bars in Fig. 7b) ., that ensures a steady transpirational flux (purple bars in Fig. 7e ). 450 F H2O was not significantly different between 'heatwave' and 'non-heatwave' days 451
(boxplots in Fig. 7e ) even as VPD l was significantly higher during these events leading to 452 a suppression in canopy conductance (Fig. 7f) . uptake. We found the forest to be a large sink for OCS, with sink strength peaking during 465 daylight hours. The mean LRU was ~ 4, and varied in response to changing light 466 conditions and canopy conductance. These LRUs are larger than observed from other 467 ecosystem scale studies, but well within the range of reported values (Whelan et al., 468 2018; Sandoval-Soto et al., 2005). The forest surface was found to be a soil moisture 469 dependent sink of OCS. Ecosystem fluxes of OCS and CO 2 were found to be strongly 470 sensitive to the ratio of diffuse:direct radiation reaching the top of the canopy. Uptake of 471 both OCS and CO 2 increased as sky conditions changed from clear to partly cloudy. A 472 much smaller increase in uptake was observed as sky conditions changed from partly 473 cloudy to overcast, except during the early summer, when soil moisture was not limiting. 474
This change was mediated by the sensitivity of stomata to changing cloudiness and soil 475 moisture, as estimated from canopy conductance. Finally, we examined the response of 476 OCS, CO 2 and H 2 O fluxes on heatwaves, and found that sequential heatwaves lead to 477 suppression in stomatal gas exchange of OCS and CO 2 fluxes, but not in the flux of water 478
vapour. 479
Our results support the growing body of work that suggests ecosystem-scale OCS uptake 480
is controlled by stomatal dynamics. While moist old-growth forests in Pacific 481
Northwestern U.S. do not represent a very large fraction of the global terrestrial surface 482
area, results from this study are likely relevant for other old-growth forests, particularly 483 high LAI and very wet forests with extensive epiphyte cover, which are widespread in the 484 humid tropics. 485
